Abstract The evaluation of immunohistochemistry (IHC) is usually semiquantitative, and thus subject to observer variability. We analyzed the reproducibility of different IHC measures. Fifty TMA cores of prostate cancer were stained for PDX-1, a transcription factor overexpressed in the cytoplasm of prostate cancer cells. The strongest intensity was scored 0-3 and 1-3 was used for extent (1-33%, 34-66%, and 67-100%). The stains were evaluated twice by four observers: two genitourinary pathologists, and two medical doctors with no formal pathology training. Staining intensity was also measured with automated image analysis. The pathologists read the slides faster than nonpathologists (total time 88 and 178 min, respectively, p=0.03). Mean weighted kappa for intraobserver agreement was 0.85 (range 0.81-0.89) for intensity and 0.43 (range 0.38-0.51) for extent with similar results among pathologists and nonpathologists. Mean weighted kappa for interobserver agreement was 0.80 (range 0.77-0.84) for intensity and 0.21 (range 0.11-0.26) for extent. The subjective estimations of intensity correlated with results of image analysis (r =0.61-0.66, p < 0.001), but the correlation between observers was stronger (r=0.75-0.81) and correlated better with Gleason grade. Thus, subjective assessment of intensity can be done with a high level of reproducibility while estimation of staining extent is less reliable. Although educated pathologists were faster, the level of pathology training is not crucial for obtaining reproducible results in the analysis of TMA-based studies.
Introduction
Immunohistochemistry (IHC) has been widely used for protein detection in tissue sections for more than 30 years. Although many other methods have appeared recently, IHC is still extensively used in both diagnostic pathology and research. It is therefore essential that the procedures of immunostaining and evaluation are uniform and that human errors are minimized, thus providing reliable results.
Methodological issues of IHC laboratory techniques have been extensively addressed [1] [2] [3] [4] but the assessment of staining is also of great importance [5, 6] . The evaluation of IHC is often semiquantitative, and thus subject to observer variability. The reproducibility of this evaluation is seldom considered. There is no consensus on the preferred evaluation method. The intensity and extent of staining are often assessed [7] [8] [9] [10] [11] [12] [13] [14] ; but the scales and calculation methods vary. In our group, the strongest intensity and the extent of this intensity are graded and multiplied to obtain a product from 0-9 [7, 11, 13, 14] . Some groups multiply several intensity levels in the same specimen by their extents and then add them [8, 15] . Depending on the scales for intensity and extent, this scoring system is sometimes referred to as the Histon score [16, 17] . In the Allred score, the proportion of positive cells is added to the average intensity [18] . The quickScore has a similar scoring system but with other scales [19, 20] . Volante et al. used a system where subcellular localization and extent of staining is scored simultaneously on a four-tier scale that includes both intensity and subcellular location [21] . Other scoring systems such as percentage of positive stained cells, without regard to the intensity, exist as well [22] .
Often, more than one observer is used for validation [9, 18] . The slides may be read by several observers in an open discussion at a multiheaded microscope [17] or the observers may do individual and independent observations, followed either by calculation of an average score [7, 11, 13, 14] or by an open discussion about the cases that obtain conflicting results [21, 23] .
Tissue microarrays (TMA) were first described in 1998 [24] and have since then become a common method for evaluation of large series of tissue samples, both using IHC and other methods such as fluorescent in situ hybridization. Compared to full mount tissue samples, TMA is a highthroughput method. Thus, less antibody is needed, staining time is shorter, evaluation is quicker and simpler, and less space is needed for storage. It may be argued that only small parts of samples are studied, but this is the case also in full mounts since only thin sections are stained.
Rubin et al. showed that three cores per tumor were required for correct assessment of prostate cancer IHC [25] . Singh et al. reported that a minimum of five cores per tumor was necessary in order to take tissue heterogeneity into account [26] . Number of cores that are required most likely depends on the investigated marker. In studies of prostate cancer, one [12, 27] , two [23, 28] or three cores [7, 11, 13, 14, 29, 30] of tumor tissue per case are commonly used but sometimes even more than that [15] . TMA requires a careful selection of material for core harvesting. This is particularly true for prostate cancer since this is a very heterogeneous tumor type.
Our aim was to analyze inter-and intraobserver reproducibility of scoring of a cytoplasmic staining. Pancreatic duodenal homeobox-1 (PDX-1) was used as test staining. PDX-1 is a Hox-type transcription factor expressed during early embryonic stages of pancreatic development. The main function involves regulation of glucose-dependent insulin gene transcription. PDX-1 expression and overexpression has been seen in several forms of human carcinomas [31] [32] [33] . Our group has recently demonstrated a cytoplasmic overexpression of PDX-1 in prostate cancer [11] . In the current study, we also attempted to evaluate subjective scoring against results of image analysis, i.e., presumably objective methods.
Materials and methods

Tissue collection and preparation
The cores selected for this study were part of a larger tissue microarray series consisting of 289 formalin-fixed, paraffinembedded radical prostatectomy specimens collected from 1998 to 2002 at Karolinska Hospital, Solna, Sweden. None of the patients had received hormonal therapy or radiotherapy prior to surgery. TMAs were constructed using a Beecher Manual Arrayer I (Beecher Instruments Inc, Sun Prairie, WI, USA). Three tumor cores with a diameter of 1 mm were collected from each specimen.
Immunohistochemistry
After rehydration, endogenous peroxidase was inactivated for 30 min in 0.3% H 2 O 2 in methanol. Slides were boiled in a microwave oven for 15 min in Vector H 3300 antigen unmasking solution (Vector Laboratories, Burlingame, CA, USA). Nonspecific binding sites were blocked with 5% skimmed milk in PBS with 0.1% BSA. The slides were incubated with a primary rabbit polyclonal antibody against PDX-1 (Abcam, Cambridge, MA, USA) at 1:4,000 dilutions at 4°C overnight. The secondary antibody (Elite kit Vector 5 ml/ml in PBS with 0.1% BSA) was applied for 30 min at room temperature. The signal was increased with the ABC kit (20 ml A+20 ml B/ml PBS-0.1% BSA) at 37°C for 45 min and detected with DAB (Vector kit SK 4100). The slides were counterstained with hematoxylin. Human breast cancer was used as positive and negative control according to the manufacturer's instructions.
Core selection
After immunostaining, 50 cores from the first three blocks were selected. The selection was done in consecutive order, with one core from each case. Only cores containing a large amount of cancer were selected. This was done to simplify the evaluation and minimize error due to difficulty in distinguishing prostate cancer from benign or premalignant changes. Therefore, cores containing prostatic intraepithelial neoplasia (PIN) or a large percentage of benign glands were not chosen. As we included observers with little pathological training this selection was considered necessary to ensure that the correct glands were graded. Reference cores for standardization of intensity levels were selected from the same three blocks and were not included in the reproducibility study dataset.
Evaluation of TMA
Subjective
Intensity and extent of immunoreactivity (IR) and their product (IRP) were evaluated in each core by four independent observers (HB, LE, SJ, FP), including two senior pathologists specialized in urogenital pathology (LE, FP), and two medical doctors with no formal training in pathology (an oncology resident with no training in evaluation of IHC and a PhD student with experience of reading IHC slides). The material was evaluated at two occasions with a two-week interval. The intensity was scored from 0 (no staining) to 3 (most intense staining) based on the strongest staining of the core. The extent of positive intracytoplasmic staining was evaluated in a semiquantitative manner. Scoring was based on percentage of stained epithelial cells and graded from 1 to 3, signifying 1-33%, 34-66%, and >66%, respectively.
Digital image analysis
Color intensity (brown) was measured by digital image analysis (Noesis, Paris, France). No selection was made of areas involved by color intensity measurement, i.e., false positive areas in stroma were not excluded. Regression analysis was calculated between the results of the automated measurement and against the subjective assessments. A second measurement with digital image analysis was performed on the same TMA spots 6 months later and compared with the first measurement by regression analysis.
Statistical analysis
Weighted kappa statistics were used for assessment of inter-and intraobserver variability of immunoreactivity scores. Kappa statistics measures the agreement between observers. A kappa value of 1 indicates perfect concordance, 0 means agreement at the level of chance, and negative values agreement worse than chance agreement.
A weighted kappa also takes the magnitude of the disagreement into account so that for example 1 vs. 3 on a three-tier scale is worse than 2 vs. 3. A kappa value of 0 to 0.2, 0.21 to 0.4, 0.41 to 0.6, 0.61 to 0.8, and 0.81 to 1 was considered as slight, fair, moderate, substantial, and almost perfect agreement, respectively. Spearman rank regression analysis was used for comparison of the results of image analysis and subjective assessments. Paired and unpaired Student's t test was used when appropriate for comparisons of time spent on the analyses. A p value of <0.05 was considered significant.
Ethics committee decision
The study was approved by the ethics committees at the Karolinska University Hospital, Stockholm (2006/4:10) and at IARC, Lyon (06-08).
Results
The pathologists needed less than half the time of that required by the nonpathologists to perform the first evaluation (p=0.001; Table 1 ). In the second evaluation, the nonpathologists improved their speed considerably and there was no longer a significant difference in time needed for evaluation compared to the pathologists (p=0.32). The total time taken to read the slide twice was less for the pathologists (p=0.025).
Mean weighted kappa for intraobserver agreement of intensity, extent, and IRP were 0.85 (range 0. Table 5 ). The subjective estimation of intensity by each observer correlated with results of automated image analysis (r=0.61-0.66, p<0.001). The results of the two automated measurements were not identical, but correlated strongly with each other (r=1.0, p<0.001). The mean difference in measured intensity was only 0.012% (0-0.24%).
The subjective estimation of the staining intensity correlated with the Gleason pattern of the core in three observers (r=0.31-0.39, p=0.015-0.028), but not in one of the nonpathologists (r=0.19, p=0.19). The automated analysis showed no correlation with Gleason pattern (r=−0.001, p=0.99).
Discussion
IHC is a standard method for protein detection and quantitation in research and clinical work, but has many potential sources of error. Technical and methodological aspects of the staining have been thoroughly investigated, while the evaluation of slides has received less attention. Microscopic evaluation of IHC is subjective and based on different scoring systems and scales with poor standardization. In research, this leads to a lack of reproducibility, while in clinical applications it is even more problematic, since IHC results may alter treatment with great effect for the individual patients. There is no gold standard for IHC annotation, and perhaps there never will be, as each antibody must be considered individually. Some proteins are easily classified as cytoplasmic, membranous or nuclear, while others are expressed in several cell compartments, e.g., both in the cytoplasm and nucleus. Blotchy, heterogeneous staining is also common and may benefit from a different evaluation scale. It is conceivable that the clinical implication of staining varies between different proteins and tissues. Whereas, the mere existence of hormone receptors may be an indication for hormone therapy in breast cancer, the varying levels of other proteins in cancer tissue may be important.
In this study, evaluation of staining intensity reached a surprisingly strong intraobserver agreement that was almost perfect as measured by kappa statistics. Interobserver agreement was likewise high, ranging from substantial to almost perfect. This indicates that subjective estimation of the staining intensity may be sufficient for reliable and IRP immunoreactivity product (the product of intensity and extent) robust measurement of IHC in TMA. The use of internal reference cores representing each intensity grade may have contributed to the high intra-and interobserver agreement (Fig. 1) . It has been suggested that an internal control should be used to overcome batch variations [6] . By contrast, extent of staining showed a poor intra-and interobserver agreement. In previous studies, we have found that extent generally correlate less well with outcome measures than intensity [11] . We have also routinely calculated the product of intensity and extent, although this measure has provided no or marginal improvement over intensity alone for e.g., prediction of prognosis. These earlier results indicate that extent of staining may be of less importance than previously assumed. The present study raises serious concern about extent as a reproducible measure in TMA assessment. Standard cores for extent were not used, but whether this would be useful is questionable. Interestingly, the weighted kappa values of IRP were almost as good as those of intensity. This indicates that the poor reproducibility of extent may be balanced by the intensity. If an observer hesitates between an intensity of 2 with extent 3 and an intensity of 3 with extent 1, the relative discrepancy of extent exceeds that of the product of intensity and extent.
There was no difference in the reproducibility achieved by trained pathologists and nonpathologists, which indicates that IHC assessments can be performed with a high accuracy early in pathology training. In the current study, cores were selected to contain sufficient amount of invasive carcinoma because our aim was to measure the ability to evaluate IHC itself and not the ability to accurately diagnose prostate cancer. If the series would have been unselected and included pitfalls such as PIN, benign proliferations or unusual cancer types, the results may have been different. However, we nevertheless believe that it is possible to train devoted junior colleagues to do IHC assessment in research.
The evaluation of the slides was more time-consuming for nonpathologists than for pathologists in the first evaluation, while the difference decreased in the second evaluation. Thus, junior observers seem to have compensated lack of experience with more careful observation. Both groups of participants increased their speed in the second evaluation, probably because the observers had already seen the slides once and established their internal references.
To obtain a more objective and reproducible evaluation of IHC, it has been suggested that subjective assessment should be replaced by automated image analysis [34, 35] . The correlation between Noesis, the automatic image analysis system used in this study, and subjective analyses was significant but weaker than the correlation between the human observers. For image analysis, a representative area was chosen manually. To obtain adequate results, it is critical that the appropriate tissue compartment is measured, in this case cancerous epithelium, while benign epithelium, premalignant lesions, and stroma need to be avoided. The lower correlation between Noesis and manual analyses compared to the correlation between human observers may be explained by the difficulty involved in segmentation of microscopic images. As shown in this study, objective assessment by image analysis is not necessarily better than subjective estimation and a standardization of this system is necessary to stabilize the analysis in the future. Interestingly, the subjective assessments correlated better with tumor grade than automated analysis. There are two possible explanations of this finding. Subjective assessment may better reflect the biology of the tumor as the observer can make sure artifacts is excluded and that the appropriate invasive cancer Fig. 1 TMA cores used for standardization of staining intensity grading. Reference cores for intensities 1, 2, and 3. Immunohistochemical staining against PDX-1 component is measured. On the other hand, subjective observers may be biased by their knowledge of tumor grade (as it is not possible to be entirely blinded for when reading slides) and staining intensity. It may be no coincidence that the only subjective observer that did not reach a significant correlation with tumor grade was a nonpathologist who had not received any systematic training in prostate cancer grading. Whether subjective or automated measurements are the best predictors of patient outcome is not possible to evaluate based on the current series of 50 patients. It should also be emphasized that the current study for practical reasons was performed on one single antibody and results may theoretically differ between different biomarkers.
We have compared intra-and inter reproducibility of IHC evaluation in prostatic TMA both using subjective and digital analysis. We have shown that subjective assessment of IHC staining intensity is highly reproducible, regardless of previous training of the observer. Although one single scale of evaluation may not be desirable, we want to emphasize the importance of standardized scoring systems, in order to improve reproducibility within and between research groups.
